Abstract This aim of the study is to investigate a halophilic bacterium Hortaea sp. B15, isolated from petroleum-contaminated soil for biodegradation of phenanthrene. Hortaea sp. B15 has the ability to completely degrade phenanthrene (100 mg/L) under salinity 10% within 1-week incubation. The metabolitic product of phenanthrene was identified and assayed by using ultraviolet-visible spectrophotometer and mass spectral analysis. Result revealed that Hortaea sp. B15 metabolized phenanthrene to form 9,10-phenanthrene quinone, salicylic acid, and gentisic acid. Hortaea sp. B15 has an efficient utilization of phenanthrene in highsaline liquid medium. All the results indicated that the fungus has a promising application for the study of highmolecular-weight PAH biodegradation and contaminated saline-alkali soil bioremediation.
Introduction
Environment pollution is usually an international issue that can lead to the accumulation and uptake of hazardous compounds in food chains and also damage the living organism inside the habitat. Furthermore, a significant number of contaminated locations have been characterized, and fresh kinds will be continuously becoming uncovered. Even though considerable improvement has been produced on the latest decade to remove commercial air pollution, major cases of chemical substance launch still happen Nor et al. 2015) . One of worldwide challenge in the modern society is oil spill, which not only causes substantial economic loss but also poses serious threats to the environmental and human health. Polycyclic aromatic hydrocarbons (PAHs) are one of main constituent of oil spills (Wang et al. 2018) . Low-molecular-weight polycyclic aromatic hydrocarbons (LMW PAHs), such as naphthalene and phenanthrene are one of the primary types of commonly dispersed ecological contaminants that are derivatives of incomplete combustion of organic materials such as fossil fuels, other commercial processes, and natural occurring fires. Undesirable health ramifications of the substances are about their carcinogenic and toxic properties and their propensity to persist in the ecosystem. Phenanthrene is one of 16 PAHs that categorized as priority pollutants by The US Environmental Protection Agency (USEPA) due to toxic effect on the human respiratory and enters the body via food chains (Bautista et al. 2009 ). Biodegradation is one of promising natural processes that can eliminate and degrade organic pollutants in the environments. Some microorganisms, such as bacteria, fungi, and algae, play significant roles in biotransformation of aromatic hydrocarbons (Akdogan and Pazarlioglu 2011; Arulazhagan and Vasudevan 2011; Chakroun et al. 2010; Khudhair et al. 2015; Teh and Hadibarata 2014) . Some bacteria had showed great ability in degradation of organic pollutants, such as palm oil mill effluent and PAH. Some bacteria have better capability for living in extreme salinity and temperature (Su et al. 2006; Yuniarto et al. 2013) . However, the roles of halophilic bacteria, such as Hortaea species in phenenthrene catabolism, are not well-explored.
Many typical microorganisms cannot survive and operate at high salinity of aquatic environment, such as seawater and their adaptability, which is definitely lost following exposure to low salinity from environment. Previous study revealed that some halotolerant bacteria are able to survive in high salinity condition and prospective candidate for elimination of contaminant at high salt concentration (Borgne et al. 2008; Ceylan et al. 2011) . The bioremediation of contaminated hyper-saline conditions and the microbial usage for industrial high-saline wastewaters treatment are key elements for selection of suitable halophilic or halotolerant bacteria (Arulazhagan and Vasudevan 2011; Feng et al. 2012; Haddadi and Shavandi 2013) . Hence, the aim of the study is to investigate the degradation of phenanthrene and characterize the metabolites formed by Hortaea species under thermophilic environment. The transformation of the substance was assayed by using thin layer chromatography (TLC), ultraviolet-visible spectrophotometer, gas chromatography, and mass spectrometer with comparison of sample and authentic standard.
Materials and Methods

Chemicals
Phenenthrene and 2,2′-diphenic acid, salicylic acid, catechol, gentisic acid, and yeast extract were obtained from Sigma-Aldrich. The structure of phenanthrene, which is shown in Table 1 , was obtained from Difco (Detroit, USA). TLC aluminum sheets (silica gel 60) were obtained from Merck (Darmstadt, Germany). The synthesis of phenenthrene-1,6-quinone was performed by dichromate oxidation according to previous modified method (Vogel 1989) . Solution of phenenthrene and glacial acetic acid was placed in closely covered bottles and stimulated at 105°C for 24 h. Then after the temperature reached 30°C, water and ethyl acetate were put into the solution and continued by shaking. Then ethyl acetate fraction was collected, separated, and was purified by silica gel column chromatography.
Culture Conditions and Phenanthrene Analysis
The culture media was sterilized in an autoclave at 120°C for 20 min, and the pH of the medium was adjusted to 8. The constituent of mineral liquid media is shown in Table 2 . Filter-sterilized glucose was distinctly autoclaved in order to avoid reddish coloration, and filter-sterilized KCN was included into the liquid medium. The inoculum of Hortaea sp. B15 was put into Erlenmeyer flask comprising 50-mL liquid medium. The cultures were placed on orbital shaker (120 rpm) and incubated at room temperature for 3 days. Colonyforming technique was used to measure the bacterial growth and the unit expressed as log cfu/mL.
The inoculum (5 mL) was supplemented to the phenanthrene-Tween 80 solution (100 mg/L) as a source of carbon to investigate the influence of saline condition on the degradation process by Hortaea sp. B15. The supernatant was filtrated from centrifuged culture (3500 g at 5°C) after incubation for several times. Then, the bacteria were resuspended in fresh media and inoculated to 195 mL of liquid media containing salt in a conical flask. The evaluation of degradation rate or enzyme production was taken from interval samples. All experiment was conducted in duplicate. Autoclaved bacterial consortium was conducted to prepare the control for representing abiotic losses. To determine the Aqueous solubility (20-25°C) 1.6 mg/L biodegradation rate, residual phenanthrene was extracted by liquid-liquid extraction using dichloromethane as a solvent. 4-Chlorobiphenyl (100 mg/L) was inserted to the extracted culture as an internal standard. Then concentrated phenantrene (1 mL) was obtained by removing the aqueous phase with separating funnel, and the concentration of phenanthrene was analyzed by GC-MS. The residual phenanthrene concentration was determined by Agilent 5975E FID GC-MS. Agilent DB-1 (30-m length, 0.25-mm diameter, and 0.25-μm film thickness), a non-polar, and low-bleed column was used for capillary column. Sample of 1 μL was injected directly. The initial temperature was arranged at 70°C for 2 min, then gradually increased from 18°C/min to 150°C, 28°C/min to 330°C, and finally held at 330°C for 15 min. Helium, as a carrier gas was set at a constant 1 mL/min flow. The interface and ion source temperature was adjusted at 260°C. Mass ranged was set to 50-500 amu and recorded at 1 scan/s under electronic impact with electron energy of 1.3 eV. The residual phenanthrene concentration was determined by calculation of standard curve. The first detection of metabolites was checked by silica gel 60 TLC plate and UV light (254 nm) to know the spot of the compounds (R f values), then compared with those of authentic compounds suspected to be phenenthrene metabolite. UV-Vis absorption spectra of the detected spot were verified using a UV-Vis spectrophotometer. The final identification of the metabolite was conducted by comparison of mass spectra of sample, standards, and database of Wiley 275L.
Enzyme Assays
Hortaea sp. B15 culture was harvested after 7-day incubation and centrifuged (9000 g) for 15 min at 4°C. Inoculum-free extracts were prepared by sonication after washing with phosphate buffer. Clear supernatant was obtained by centrifugation (21,000 g) at low temperature (4°C) and used as a crude cell extract for enzyme assay. The activity of PAH dioxygenase was assayed by a UV spectrophotometer (λ 340 nm ) using a modified NADH oxidation method (Dua and Meera 1981) . C12DO and C23DO were assayed by a previous method using catechol as the substrate (Nakazawa and Nakazawa 1970). The protein concentration was analyzed by using bovine serum album, and enzyme activity was expressed in U/L.
Results and Discussion
Batch Study and Effect of Salinity
Hortaea sp. B15 grown in liquid medium was supplemented with phenanthrene at high concentration, where phenanthrene was the sole carbon source. Phenanthrene was completely degraded by the strain in 72 h at concentration of 100 mg/L without addition of NaCl. The growth kinetics of Hortaea sp. B15 in phenanthrene culture is depicted in Fig. 1 . The growth of strain exponentially increased from an initial cell density of 3.5 × 10 6 to 23.5 × 10 6 cfu/mL in 3 days. Hortaea sp. B15 revealed a slight lag stage continued by constant growth in cell density with associated reduction in phenanthrene concentration. Hortaea sp. B15 also showed significant biodegradation of phenanthrene under 10% salt concentration. Phenanthrene was completely degraded by the strain in 6 days at concentration of 10% NaCl. When the concentration of NaCl increased to 20 and 30%, the rate of degradation reduced to 87.5 and 30% within 12 days of incubation (Fig. 2) . The biodegradation of phenantrene was inhibited above 30% NaCl, and the strain was unable to tolerate these salt concentrations. The strain-degraded phenanthrene in the culture was supplemented with 10% salt within 6 days with no apparent lag time, which could take into account a removal rate of 16.6 mg/L/day. However, when the salinity was increased to 20%, phenanthrene was only degraded by 87.5% in 12 days, which represent a removal rate of 7.3 mg/L/day. Previous study showed that currently 17% salt contents was the highest salt for bacteria to degrade above 90% of phenanthrene less than 1 week (Dastgheib et al. 2012) . Another study exhibited that at 10% NaCl, phenanthrene was degraded by the enrichment of halotolerant bacteria consortium after 12 days' incubation, but the degradation capacity seems to be suppressed at 20% NaCl (Zhao et al. 2009 ). Yeast extract was able to increase the degradation capacity of halotolerant consortium at 6% salt (Arulazhagan et al. 2010) . Hortaea sp. B15 in this study exhibited the highest degradation rate (16.6 mg/L/day) at 10% salinity than other cultures (Table 3) . Previous result showed that bacteria exhibit well performed in saline condition compared to fungi because the saline condition was not suitable for growth of the fungal hypha and also the oxygen level was relatively low at that condition (Wang et al. 2012) . Based on these results, this halophilic bacterium is an alternative method for bioremediation of aquatic environment contaminated with PAHs.
Enzyme Activity
Several enzymes are involved in phenanthrene degradation as shown in Fig. 3 . Three enzyme were produced from phenanthrene-grown cells in this experiment showed PDO, C12DO, and C23DO but unable to detect the activity of laccase and peroxidase. PDO and C12DO are playing an important role in the initial phase in PAH degradation, which the substrate was catalyzed to form cis-dihydrodiol. At this point, after the strain grew in the phenanthrene culture without addition of NaCl, PDO has reached the highest activity (812 U/L) after 3 days' incubation. However, PDO activity was inhibited at culture with 10 and 20% salt contents since the maximum activity was shown at the end of experiment (811 and 452 U/L). The few concentration of C12DO and C23DO was also identified in phenanthrene degradation process. The highest activity of C12DO (624 U/L) was reached at the sixth day of incubation without salt, while the activity of C23DO was depressed during the degradation process. At salinity 10%, the activity of C12DO increased sharply within the first 3 days until its maximum level at 455 U/L, and then, it slowly decreased until the end of experiment (12 days). On the other hand, at salinity 20%, the activity slowly increased, resulting a maximum rate at the end of experiment, which was much fewer than that of salinity 10%. This result showed that three enzymes were used for conversion of phenanthrene in the first 3 days of incubation due to accumulation of catechol. This result is similar with previous study that C23DO enzyme was produced at low concentration by two strains during PAH degradation process (Hadibarata and Kristanti 2013; Zhao et al. 2011) . The absence of C23DO influences potency of bacteria to produce additional enzymes ). Based on the results above, we expected that C12DO and C23DO play an important role in oxidation of catechol at saline concentration. On the contrary, the production of C12DO was lower than that of C23O in Pseudomonas strain and salinity may change the degradation pathway ).
Identification of Metabolites
Initially, we conducted biodegradation experiment with Hortaea sp. B15 and performed GC-MS analysis of extracted samples. The detection and identification of acidic extract were verified and separated by using silica Fig. 4 Proposed pathway for the degradation of phenanthrene by Hortaea sp. B15. The metabolites in brackets have not been identified in our culture extracts gel column chromatography, TLC, and UV-Vis spectrophotometer. Three metabolites were identified in the extract sample and confirmed using authentic standards (Fig. 4) , and mass spectral analysis of the metabolites produced by Hortaea sp. B15 is shown in Table 4 methyl . We assumed that during the biodegradation of phenanthrene, the catalytic cleavage of catechol by C12DO or C23DO appears to be the common pathway.
In line with the identification of varied metabolites made by Hortaea sp. B15, the metabolism of phenanthrene was explored through the ring cleavage routes and ring oxidation. The results exhibited that ring oxidation and ring cleavage of C9 and C10 position produced 9,10-dihydroxyphenanthrene as the main pathway in this research. 2,2′-Diphenic acid was identified in extracted samples and shows that dioxygenation at C9 and C10 of phenanthrene structure was occurred during dehydrogenation process to produce cis-9,10-dihydrodiol and ortho-cleavage of the oxygenated ring. The present of catechol in the extracted sample suggested that salicylic acid pathway is the main route for phenanthrene degradation by Hortaea sp. B15.
Conclusions
A halophilic bacterial Hortaea sp. B15 could degrade phenanthrene at high concentration (100 mg/L) within 6 days at 10%. Elevated salinity of the culture decreased the degradation rate and enzyme activities. The biodegradation of phenantrene was inhibited above 30% NaCl, and the strain was unable to tolerate these salt concentrations. PDO and C12DO are playing an important role in catalyzation of the substrate during the aerobic degradation of form cis-dihydrodiol. In these experiments, three metabolic products were detected in our culture extract. Hortaea sp. B15 spreads our information of halotolerant bacteria that can transform phenanthrene via C-9,10 positions to produce 2,2′-diphenic acid, salicylic acid, and catechol. Investing the transformation of phenanthrene using single strains could provide interesting knowledge, while the bioremediation on largescale required the efficient of bacteria consortium more than the pure culture. This could be in favor of using bacteria consortium for remediation of other PAH-contaminated sites.
